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method.  The mutual impedance is worked out using the reaction theorem. 
Theoretical results for the coupling coefficient are then compared with 
experimental results. 
 
Comparison between theory and experimental results was close especially when 
the assumptions used in our formulation were adhered to.  
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From the study of electromagnetics as far back as 1839 into the days of Michael 
Faraday to the present day where so much is reliant on high speed 
communications, much have been done on this amazing phenomenon of the 
interaction between electricity and magnetism.  James Clerk Maxwell united the 
theories of electricity and magnetism, bringing forth one of the most elegant 
mathematical description of the world – Maxwell’s equations.  Using theories 
developed from Maxwell’s equation, Marconi in 1901 implemented the world’s first 
wireless transmission.  Since then, there was no looking back as the world 
2 
definitively changed with the development of radio wave propagation and antenna 
engineering that took off and developed by leaps and bounds. 
 
It can be said that there can be no radio wave propagation without antennas. 
Antennas are so intricately intertwined with radio wave communications, and so 
important a part of it, that it has developed a lif  of its own.  
 
Today, the number of different types of antenna in existence is very large, with 
each type bearing its specific characteristics serving a specific purpose. The more 
common ones such as the Dipole, Loop and Yagi-Uda Arrays have found 
themselves into the lives of ordinary people as they are utilized in everyday living, 
eg. television reception.  Other not so commonly encountered ones are the 
Parabolic, Log-Periodic, Helical, Sleeved etc.  They have also established for 
themselves importance and use such as microwave and satellite uplinks / 
downlinks.  
 
As the world developed with the advent of Printed Circuit Boards, and importance 
placed on mobility and agility, the world of antenna also adapted itself to the 
changing environment.  Deschamps championed the possibility of radiation from a 
printed circuit board, and the world of antenna engineering experienced another 
revolution – the birth of the microstrip antenna. 
  
Because of their small size and lightweight, the microstrip antenna soon found 
themselves in almost every façade of antenna communications.  From the battle 
3 
field to commercial enterprises, the microstrip antenna is fast replacing many 
conventional antennas. 
 




Thin Profile Low efficiency 
Lightweight Narrow Bandwidth (1-5%) 
Simple to manufacture Tolerance Problems 
Can be made conformal Good quality Substrate required 
Low Cost Complex feed systems for arrays 
Compatible with Integrated Circuits Difficult to achieve polarization purity 
Simple arrays readily created  
 
Table 1.1: The Advantages and Disadvantages of Microstrip Antennas 
 
It is actually the last advantage in the list above that makes microstrip antennas 
so popular today.  Many characteristics of a single microstrip patch antenna can 
be modified and engineered to requirement and as desired through the use of 
array theory and technology.  However, in creating microstrip antenna arrays, 
because of the closeness of the microstrip antenna patches, a host of other 




1.2 Purpose of Research 
Many factors affect the performance of microstrip patch antennas, and especially 
so when they are configured to perform as an array.  Because of the closeness of 
the patches, mutual coupling between microstrip antennas becomes an important 
factor to consider when designing for an antenna system using microstrip 
patches. 
 
Mutual Coupling not only affects the input impedance of the elements of the array, 
it also interferes and corrupts signals with noise thereby causing deterioration to 
the communication system.  Essentially, it does not allow analysis of the antenna 
system using simple mathematical tools such as the theory of superposition. 
 
The study of Mutual Coupling thus becomes an important study in itself when 
microstrip antennas are employed.  It becomes important to know when mutual 
coupling affects the system so much that it no longer performs according to 
specifications.  It is for this knowledge that many researches have been carried 




1.3 Literature Survey 
From literature survey, we have seen much work done on patch antennas and the 
mutual coupling between patch antennas that are placed close together.  Some of 
the more celebrated studies on mutual coupling were carried out by Wedlock, Poe 
& Carver “Measured Mutual Coupling Between Microstrip Antenna” [1] and E. 
Petard & J. P. Daniel, “Mutual Coupling between Microstrip Antennas” [2].  They 
have shown both in theory and through experiments the gradual decline of the 
mutual coupling (S12 values) between antennas as the distance between the 
antennas increase.  Their studies were, however, confined to a single directional 
variation of the distance between the antennas. 
 
Emmanuel H. Van Lila & Antoine R. Van De Capable, “Transmission Line Model 
for Mutual Coupling Between Microstrip Antennas ” [3], takes it a step further in 
the study of mutual coupling by introducing variation in another direction.  
Expressions for the mutual coupling between antennas that are arbitrarily placed 
on the same plane were derived.  The basis of the derivation was on the 




Very broadly speaking, the objectives of this study are twofold: (I) to develop a 
mathematical model that can effectively predict the mutual coupling between two 
rectangular microstrip patch antennas.  We present the study and formulation of 
the mutual coupling between rectangular patch antennas that is yet another step 
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ahead of previous studies.  The formulation that was developed is for a pair of 
arbitrarily oriented rectangular patches.  The antennas need no longer be 
confined to a singular directional variation.  It is also not necessary for the 
antennas to be on the same plane; (ii) to verify the formulation developed through 
the fabrication of the microstrip patch antennas and the measurement of their S-
parameters with the use of a network analyzer. 
 
 
1.5 Organization of Report 
The report begins with a general study of a single rectangular patch antenna.  We 
have chosen to model the antenna as a magnetic current loop using the cavity 
model.  This is presented in Chapter 2.  Chapter 3 presents the detailed findings 
of past studies.  In Chapter 4, we present the general formulation for the mutual 
coupling between 2 arbitrarily oriented rectangular patch antennas.  Chapter 5 
describes the experiment that was carried out to verify our formulation.  Finally, 
























chapter 2:   
the rectangular 
microstrip patch  
 
 
The rectangular microstrip patch has been extensively studied on.  Much material 
can be found in published literature.  The patch is frequently analyzed using the 
transmission line model and the cavity model.  This chapter details the study of 
the various models used in the analysis of microstrip antennas, and presents the 
main characteristics and assumptions made in the use of the caviy model to 




2.1 Microstrip Antenna Theory 
By analogy, the microstrip antenna may be seen as an open circuit element 
where radiation is caused by the fringing fields at the open circuit ends of the 
element.  This thus allows for ar field radiated wave propagation.   
 
The conducting patch may be of any arbitrary shape depending on the desired 
radiation characteristics.  This conducting patch is spaced a small fraction of the 
dielectric wavelength above a conducting ground plane. The patch and the 
conducting ground plane sandwiched the dielectric substrate.  Typically, a 
microstrip is considered thin if the dielectric height (h) is much smaller than the 
dielectric wavelength.  This parallel configuration of the two conductors resembles 
that of a capacitor with fringing f elds. 
 
For a rectangular patch excited in the dominant mode, the field variation along the 
patch length is about half of the dielectric wavelength with fringing fields at the 








Figure 2.1: Top & cross-sectional view of a rectangular microstrip patch [4] 
 
Years of research have brought about various models to analyze the microstrip 
antenna.  The more common among them are the Transmission Line Model and 
the Cavity Model.  Their popularity is mainly due to their ease of use for most 
engineering purposes.  The following discussion in this section of the report will 















2.2 The Transmission Line Model 
 
In this model, the rectangular microstrip patch antenna is treated as two radiating 
slots separated by a low characteristic impedance microstrip transmission line of 
length ld/2.  This was first developed by Munson and Derneryd.  The results of 
their studies were summarized and reproduced in a handbook on microstrip 
antennas by Bahl and Bhartia [4].  
 
The main assumption made in the transmission line model of the rectangular 
patch antenna is that it is resonating in the dominant mode in which two of the 
four edges are radiating.  With reference Figure 3.2, we see that only the two 
opposite edges radiate. 
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Figure 2.2: Transmission Line Model (a) non-radiating edge feed, (b) 
radiating edge feed.  Each slot is characterized by a slot admittance given 
by G + jB [4] 
 
Each slot is characterized by a slot admittance given by G + jB.  The input 
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The slot admittance G + jB may be estimated using the following [4]: 
 G=1/R ,  (2.3) 
 Rr = 90l02 / W2   for W << l0,  (2.4) 
 R, = 120 l0 I W   for W >> l0.  (2.5) 
 
From the expression given for G we see that the real impedance at each end of 
the antenna is given by the radiation resistance; d the reactive part jB is caused 







effeD= ,  (2.6) 
 














,     (2.7) 
 
lD represents the line extension [2] at each end of a rectangular p tch due to the 
fringing fields.  At resonance, jB goes to zero and the input admittance becomes 
purely real.  By equating the imaginary part of equation (2.1) to zero, the resonant 














Using the Transmission Line Theory, we may also determine the input admittance 
















zGzYin bbb .  (2.9) 
 
The accuracy of the transmission line model depends very much upon the 
estimation of the slot admittance as well as the characteristic impedance of the 
transmission line.  
 
For engineering purposes, the Transmission Line Model is fairly accurate in 
predicting the input impedance.  However its limitation lies in the fact that it may 
only be used for rectangular or square patches.   
 
Treatment of the rectangular patch from a circuit point of view requires that many 
parameters of the antenna be modeled by lumped circuit elements.  Although this 
is intuitively appealing in the sense that input impedances can be easily 
calculated, it suffers a major drawback: the radiative properties of the patch 








2.3 Cavity Model 
The Cavity Model may be used for analyzing electrically thin microstrip antennas. 
In order to make use of this model, we have to contend with two main 
assumptions.   
 
(i) the dielectric thickness (h) is much smaller than the dielectric 
wavelength ld; typically h/ ld <<0.02; 
(ii) the electric field under the patch is assumed to be linear and 
perpendicular to the patch and the ground plane, for an electrically thin 
dielectric. 
 




Figure 2.3:  The Principles of the Cavity Model [4] 
 
Under the two main assumptions listed above, the surrounding edges around the 
sides of the patch may be replaced by a Perfect Magnetic Conductor (PMC) 
boundary condition (Figure 2.3a).  In the cross-sectional view, we define regions 
(I) and (II).  
 
Region (ll) defines the dielectric ‘pillbox’ beneath and including the patch and 
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The “pillbox” - Region (II) - may be treated as a cavity with Perfect Electric 
Conductors (PEC) at the top and bottom, and Perfect Magnetic Conductors 
(PMC) boundary conditions surrounding the sides.  We may then treat it as a thin 
cavity, with the fields in the antenna assumed to be those of the cavity.  
 
For an empty cavity, the electric and magnetic fields may be obtained by finding 
the solution to the homogenous vector wave equation 
0)( 22 =+Ñ Ekmn ,  (2.10) 
 





Et ,  (2.11) 
on the PMC along the edges and 
0=´nE ,  (2.12) 
on the PEC patch and ground plane. 
 
In the thin cavity, because only the z-directed electric field (Ez) exists, the 
transverse components Ey and Ex are zero.  We can express: 
  
zE mnZ y= ,  (2.13) 
where mny  represents a separable function in the two transverse directions.  The 
solution to (2.10) subject to the boundary conditions is eigen functions mny  with









y = ,  (2.14) 
where 
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=2 .          (2.16) 
 
 
Moving on, we are interested to find the far field radiation pattern from the cavity 
model.  This we can do by applying Huygen’s principle to replace the boundaries 
of region (ll) by their equivalent sources as follows: 
 
(i) Replace the entire medium in region (II) by a PEC 
(ii) Introduce a magnetic current ribbon around the patch 
 
The far field pattern may then be determined from the magnetic current 
distribution around the perimeter of the patch.  This is further simplified by 
replacing the magnetic current ribbon with a thin magnetic current filament and 
discarding the pillbox and dielectric.  What results is the very elegant rectangular 
magnetic current filament lying on top of a perfect electric conductor and radiating 
into free space (Figure 3.3c). 
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Applying these boundary conditions on the surfaces of the cavity, the tangential 
electric fields on the top and bottom faces as well as the tangential magnetic field 
along the vertical surface are zero.  Hence the only contribution to the far field 
comes from the tangential electric field Et along the surface of the vertical PMC. 
The equivalent magnetic current source to produce Et is given by 
 
M = 2 Et x n ,        (2.17) 
where n is the unit outward normal.  
 
The factor of 2 introduced here is to account for the image of the magnetic source 
in the ground plane.  The radiation pattern from the two parallel magnetic current 













































































where the parameters of the equations are according to the coordinate system 












Figure 2.4: Coordinate System [4] 
 
2.4 Choice of Model to use for Study 
There is yet another method that can be used to analyze the microstrip patch 
antenna.  This is the Method of Moments where the actual solutions are solved for 
the antenna system.  Though the actual solutions are being employed here, the 


















For our study where we are concerned with practical applications, a model such 
as the Transmission Line Model or the Cavity Model would suffice. 
 
The Transmission Line Model assumes that only two opposite edges radiate while 
ignoring the contribution of the other two edges.  As we are investigating patch 
antennas that are place very close to each other, the radiation due to all edges 
would be important.  The Cavity Model Method takes into account all the edges, 
and as such, we adopted the Cavity Model for our study.
 
 
2.5 Design Formulas for Rectangular Patch  
Having chosen the model to use, we now go on to look at the specifics - the 
formulas involved indesigning a rectangular patch antenna.  Consider the basic 





















In this model, we make use of the concept of considering the region betwee the 
patch and the ground plane as a resonant leaky cavity.  As mentioned in the 
previous section, equivalent sources can be put on the surfaces of the cavity once 
the fields in the cavity are known.  From here, radiated fields can then be 
computed.   
 
To account for losses, viz conductor loss, dielectric loss and radiation loss, an 
effective loss tangent is introduced.  The resonant frequencies of the antenna are 
determined by the resonant frequencies of the cavity.
 
For the cavity model applied to the rectangular patch microstrip patch antenna, 
we have the following assumptions: 
· the fields in the cavity are TM to z-direction 
· the cavity is bounded by perfect magnetic conductors at its walls
· the cavity is bounded by perfect electric conductors at the top and b ttom 
(ie. patch and ground plane) 
· the current in the coaxial probe is independent of z 
 
With these assumptions, we can then solve the wave equations for the 
electromagnetic field distributions inside the cavity.  For the rectangular patch, the 




2.5.1 Fields Inside Cavity of the Rectangular Patch  
Solving the wave equation for the cavity of the rectangular patch as shown 























,   (2.20) 
where 
I0 is the magnitude of the feed current, 
reee 0= ,         (2.21) 
emw 0=k ,         (2.22) 
),( 00 yx are the coordinates of the feed position, 
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=       (2.24) 
is the amplitude coefficient related to the feed geometry; for probe feed, 




























2.5.2 Quality Factors 
Finding the Q-factor of the antenna is an important part of studying the 
antenna via the cavity model. 
 
The total quality factor of the antenna, Q may be expressed in terms of the 
Q-factors associated with the radiation into space (Qr), radiation into 




+++= .       (2.27) 
 






ee .      (2.28) 







=  ,         (2.29) 
where Prad is the radiated power. 
 
For conductor and dielectric losses, 
smp 0fhQc = ,        (2.30) 
dtan
1
=dQ .         (2.31) 
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To determine the last two Q-factors [10], Qr and Qsur, a radiation efficiency, 
errad is defined which assumes no dielectric (tand = 0) and conduction loss 









+= .        (2.31) 
 
The radiation efficiency, errad can be approximated by the radiation 
efficiency, erhed of a horizontal electric dipole on top of the lossless 
substrate.  However, as the radiation of the patch comes from a distributed 
current on the patch and not fr m a single point, there is, in effect, an array 
factor to be considered.  As such, the power radiated either into space or 
surface is not approximated to a high degree of accuracy.  But a mitigating 
factor in this treatment is that e array factor for both the power radiated 
into space and surface waves are similar.  Thus, the power radiated into 
space divided by the power radiated by the surface waves is very similar 
for both patch and the dipole on a lossless substrate. 
25 
 
The power radiated into space, Prhed by a unit-strength horizontal electric 
dipole on the lossless substrate and the power radiated into the surface 
waves,Psurhed by the dipole is first obtained in order to determine the 
radiation efficiency, erhed for a horizontal electric dipole. 
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C +-=  ,       (2.33) 
and n1 is the index of refraction of the substrate. 
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2.5.3 Fringing Fields 
In the fore-going discussion, we have assumed that the fields are 
contained entirely within the patch cavity.  The fringing fields around the 
patch are being ignored.  The accuracy of the cavity model can be 
enhanced when the fringing fields are considered.  This will be considered 
together in the formulas for the Width and Length of the rectangular patch 
antenna shown below. 
 
2.5.4 Element Width 
The radiation efficiency of the patch is proportional to the width of the 
patch.  However, excessive width is not desirable because of the influence 
of higher order modes. 
 









.        (2.40) 
 





»D  .        (2.41) 
Then, the effective width of the patch is 
WWWeff D+= 2 .        (2.42) 
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2.5.5 Element Length 
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.     (2.44) 
 
The length of the resonant patch is then: 












2.6 Chapter Conclusion 
This chapter familiarizes us with the various methods and models used in 
analyzing the rectangular patch.  In particular, we have chosen the Cavity Model 
as the basis of our study.  The fundamentals of the Cavity Model method are also 
discussed through the design equations involved.  With this understanding, we 
will now move on to study the effects of mutual coupling of two rectangular 























chapter 3:   
mutual coupling between 




Having looked at the application of the cavity model on a single rectangular patch 
antenna, we now move on to study the mutual coupling effects between two 
rectangular patches. 
 
As mentioned in Chapter 1, the mutual coupling of microstrip patch antennas is 
important.  This is especially so when designing microstrip antenna arrays.  This 
31 
subject has been studied by various methods such as the cavity model [2, 15], the 
transmission line model [3] and full-wave analyses [11]. 
 
Mutual coupling is primarily due to the fields that exist along the air-dielectric 
interface. These fields can be decomposed to space waves, higher order waves, 
surface waves and leaky waves [16, 17].  Due to spherical radial variation, space 
(1/r) and higher order waves (1/r 2) would dominate the mutual coupling for 









3.1 Mutual Coupling between two Rectangular Patches on the Same 
Plane Utilizing the Cavity Model 
The basis of our study centers on the Cavity Method.  Before proce ding to derive 
a formulation for the arbitrarily oriented patch antennas, we first obtained the 








Figure 3.1: Problem Formulation for two Rectangular Microstrip Patch 
Antennas Lying on the Same Plane; Patch (1) with Equivalent Magnetic 
Current, M1, and Patch (2) with Equivalent Magnetic Current, M2  
 
The figure above shows two rectangular patches (1) and (2).  The arrows show 
the equivalent magnetic loop currents, viz M1(i) to M1(iv) for patch (1) and M2(i) to 
M2(iv) for patch (ii).  The Cavity Model says that the magnetic currents flow along 
the perimeter of the patches.  Both the patches lie on the x-y plane.  In this 
formulation, we investigate the formulation of the Mutual Coupling against the 












Making the assumption that  
(i) no variation in the z-direction, 















zzz aaE == .     (3.1) 
 
For patch (1) & with reference to Figure 3.1, we are able to find the Magnetic loop 
currents from the field distribution in the cavity: 
nEM z ´= 2  ,         (3.2) 
 
ie.  




-=´=  ,      (3.3)  
defining: 010 2AN = .      (3.4) 
 
xyz1(ii) a(aEM 0)2 N=´= ,        (3.5) 




=´= ,       (3.6) 
xyz1(iv) a(-aEM 0)2 N=´= .        (3.7) 
34 
 
















.       (3.8) 
 





























































; ''' dzdxds=  , 
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;  ''' dzdxds=  , 
''



































xa .      (3.13) 
 
Now the Magnetic Field H can be expressed in terms of the electric potential 
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Moving on, for patch (2), 







,      (3.16)  
again defining: 010 2AN = .       (3.17) 
 
xyz2(ii) a(aEM 0)2 N=´= ,        (3.18) 




=´= ,       (3.19) 
xyz2(iv) a(-aEM 0)2 N=´= .        (3.20) 
 
 
Thus, using the reaction theorem, we have 
dl
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.        
 (3.21) 
 
We note that  
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and     (3.24) 
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           (3.29) 
 
 
From the above, we have derived a formulation for the Z12 between two 
rectangular patch antennas lying o  the x-y plane. 
 
From here the S12 can be calculated, hence the mutual coupling coefficient, Cp: 
 
12log20 SCp=           (3.30) 
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3.2 Discussion 


































































































































    . (3.33) 
 
From here we see the contribution of the R1 and R2 components to Z12.  These 
terms correspond to the “slots” that would be been deemed non-radiating and 
ignored by the Transmission Line Model.  In this respect, the Cavity Model is 
superior, especially if we are talking about mutual coupling between antennas that 




3.2.1 Comparison of Expression Z12 
E. Penard and J. P. Daniel [2] also derived a formulation based on the same 
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By comparison, we see that the Z12 expression that we have derived is somewhat 
different from that given in equation (3.34) [2].  In particular, the 2nd term (R) of 


















































































































      (3.35) 
is even about y=0, 
 

























    (3.36) 
is even about y=b. 
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The product with the “sine” term which is even about y=b/2, would yield for both 
expressions the same definite integral.  Therefore the result of [2] is the same as 




3.2.2 Comparison of the Plots of the Individual Integral of Z12 
 




Figure 3.2:  Plot of Individual Integrals of Z12; where R1, R2 & R3 correspond 
to the 1st, 2nd & 3rd integral of Z12 – Equation (3.34) [2] 
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In our derivation, we obtain instead: 










Figure 3.3:  Plot of Individual Integrals of Z12; where R1, R2 & R3 correspond 








Upon investigating, the plots in [2] can be obtained if k0 instead of k were to be 
used in plotting R3.  We would like to highlight that this then would not be correct 
although it would correspond exactly to [2]. 












Figure 3.4:  Plot of Individual Integrals of Z12; where R1, R2 & R3 correspond 







3.2.3 Comparison against the Transmission Line Model 
Figures 3.4 & 3.5 below shows the comparison of our derived Coupling 
Coefficient against that derived using the Transmission Line theory [3]: 
 
 
Figure 3.5:  Comparison between Cavity Model (Penard) and Transmission 




Figure 3.6:  Comparison between Cavity Model (Penard) and Transmission 
Line Model (Transm) for E-plane coupling between 2 rectangular patches [3] 
 
From Figures 3.6 and 3.6, we observe that the cavity model conforms more 
closely to experimental results.  This is especially pronounced when looking at the 
plots for E-plane coupling.  This is because the cavity model takes into account all 
the equivalent slots around the patch whereas the Transmission Line model does 
not take into account longitudinal equivalent slots.  
 
However, when compared to a model utilizing the moment method solution [11], 
the cavity model becomes inadequate.  This can be seen at small distances 
between the patches where results derived from the cavity model deviates from 
the experimental results.  This is due to the fact that the cavity model neglects the 
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width of the equivalent slots, surface waves, the variation of the field distribution in 
the slots versus frequency and higher order cavity modes.  But for all practical 
intends and purposes, and weighing the tedious and laborious Method of 
Moments, the Cavity Model Method is sufficient. 
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3.2.4 Comparison with other Published Results 
Comparison is also made with mutual coupling measurements found in literature, 
in particular, the paper “Measured Mutual Coupling Between Microstrip Antennas” 
[1]. 
 
Comparing Figures 3.7 and 3.8 below, our derived results (figure 3.8) are fairly 
close to those published in [1].
 
Figure 3.7:  Measured Mutual Coupling results according to [1]; values at 















Figure 3.8:  Derived H-plane Mutual Coupling results according to Equation 
(3.29); values at 1410 MHz for 10.57 cm by 6.55 cm rectangular patches with 
0.1575 cm substrate 
 
In both cases, the H-plane coupling down approximately 30 dB as element 
spacing increase.  We are not able to get an exact profile of the coupling probably 
because there is information that is unknown to us in [1], eg. nothing was 
mentioned of the copper thickness, the feed mechanism etc.  In our derivation of 










Figure 3.9: Measured IS21|2 values at 1.41GHz for 10.57 (radiating edge) x 
 





Figure 3.10: Measured |S21|2 values at 1.44 GHz for circular patches with a 
3.85 cm radius and a feed point location at 1.1 cm radius. The substrate 
thickness is 0.1575 cm [1] 
 
 
It is interesting to note that in the case of microstrip antenna elements having the 
same resonant frequency, there is no remarkable difference in mutual coupling 
even if the patches are of different shapes (eg, circular and square microstrip 
antennas) [12], since the radiation properties and the impedance of the square 




3.3 Chapter Conclusion 
Having worked through and derived a formulation for the Z12 between two 
rectangular patch antennas lying on the same plane using the Cavity Model, we 
will now proceed to extend the methodology used to derive, in Chapter 4, a 























chapter 4:   
mutual coupling between 




In the last chapter, the two rectangular patches were placed on the same plane, 
and variations were only considered in the x-direction.  In this chapter, we 
consider the patches to be on different planes with different direction of 
orientation.  Another four different variations can now be considered, viz y-
direction, z-direction, and the angles of elevation of the two patches. 
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4.1 Problem Formulation 
Extending the problem described in Chapter 3 involving two rectangular patch 
antennas on the same plane, Figure 4.1 below shows how the two patches th t 
















Figure 4.1: Problem Formulation for the derivation of the general case of 
two arbitrarily placed rectangular patches of dimension (a x b); q is the 
























Using the same assumptions for the Cavity Method as described in Chapter 3, the 

















Figure 4.2:  Figure showing the magnetic currents and the direction of the 
patches; q is the angular inclination of patch (1) and a the angular 





























With reference to Figure 4.2 above, the arrows show the equivalent magnetic loop 
currents, viz M1(i) to M1(iv) for patch (1) and M2(i) to M2(iv) for patch (2).  The Cavity 
Model says that the magnetic currents flow along the perimeter of the patches.   
 
Again taking only the TM01 fundamental mode which is strongly excited, there is 
no variation in the au & ap directions. 
 










uuu aaE == .     (4.1) 
 
This gives us the magnetic currents 
nEM u ´= 2  .         (4.2) 
 
Thus, for Patch (1), 
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We define: 010 2AW = .       (4.4) 
vyu1(ii) a(aEM 0)2 W=´=   ;      (4.5) 
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vyu1(iv) a(-aEM 0)2 W=´=   .      (4.7) 
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; ''' dudvds=  ,      (4.11) 
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zx aa    (4.12) 
 











































































































































































































































































For patch (2), 









pp aE .        (4.17) 
 









.      (4.18) 
We define: 010 2AW = .       (4.19) 









 ; &     (4.21) 
)sincos)2 0 aa zxyp2(iv) a(a(-aEM +=´= W .     (4.22) 
 
Again, the Magnetic Field H can be expressed in terms of the electric potent al 
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4.3 Analysis of Results 
4.3.1 Comparison with Equation (3.29) 
In the derived equation of (4.25), when the variables f, g, a & q go to zero, 
equation (4.25) reduces immediately to that of equation (3.29).  This is intuitively 
correct as the problem is reduced exactly to the situation in Chapter 3. 
 
Similar to equation (3.29), each R1, R2, R3 & R4 term represents the equivalent 
slots, hence equivalent magnetic currents, assumed for the cavity model.  The R3 
& R4 terms represent the dominant radiating slots also assumed in the 
Transmission Line model.  Two terms instead of one are seen due to the fact that 
these dominant radiating slots in the general case not only lie perpendicular to the 
y-axis, but oblique to the x- and z- axes.  R1 & R2 represents the slots that are 




4.3.2 Plots of Coupling Coefficients 
The following shows some of the theoretical plots of coupling coefficients versus 
various variables using the same design parameters as in Chapter 3 (ie. 
according to [2]).  We are unable to compare with any results in literature as there 
has not been any published result on these.  We can only verify any of our results 
against the experiments described in Chapter 5.   
 
The plots are shown in the next few pages with a short discussion on them at e 
end of the chapter. 
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4.3.2.1 Cp vs f/l plots with g=0 at 1.78 GHz for rectangular patches with a 3.96 
cm patch length, 6.00 cm patch width. The substrate thickness is 0.16 
cm and relative dielectric constant of 4.36. For d = 0.02  













4.3.2.2 Cp vs g/l; f=0; at 1.78 GHz for rectangular patches with a 3.96 cm 
patch length, 6.00 cm patch width. The substrate thickness is 0.16 cm 
and relative dielectric constant of 4.36.  For d = 0.02  















4.3.2.3 Cp vs a, m=0, n=0, q =0o; at 1.78 GHz for rectangular patches with a 
3.96 cm patch length, 6.00 cm patch width. The substrate thickness is 
0.16 cm and relative dielectric constant of 4.36.  For d = 0.02  






4.3.2.4 Cp vs a, m=0, n=0, q =30o; at 1.78 GHz for rectangular patches with a 
3.96 cm patch length, 6.00 cm patch width. The substrate thickness is 
0.16 cm and relative dielectric constant of 4.36. For d = 0.02 
















4.3.2.5 Cp vs a m=0, n=0, q =45o; at 1.78 GHz for rectangular patches with a 
3.96 cm patch length, 6.00 cm patch width. Substrate thickness, 0.16 
cm and relative dielectric constat, 4.36.  For d = 0.02 








4.3.2.6 Cp vs a, m=0, n=0, q =90o; at 1.78 GHz for rectangular patches with 
3.96 cm patch length, 6.00 cm patch width. Substrate thickness, 0.16 
cm and relative dielectric constant, 4.36.  For d = 0.02 
















It was observed generally that: 
· maximum coupling when patches are in line (ie. f=0) or at the same level (ie. 
g=0) 
· coupling decreases as the distance between the patches (any direction) 
increases 
 
Of the mutual coupling with respect to angular variation:  
· the change in mutual coupling coefficient as the patches rotate through 
different angles is very slight (in the region of 1 to 2 dB) 
· maximum coupling when the antennas are oriented in the same direction 
(section 4.2.3.3) 
· coupling reaches a minimum when the antennas are oriented perpenicular 
to each other and increases as the patches rotates towards facing one 
another (section 4.3.2.6) 
 
In general, these observations conforms to our intuitive understanding that mutual 
coupling between antennas decreases as the antennas are placed further away 




4.4 Chapter Conclusion 
In this chapter, the details in the derivation for the formulation of the Z12 wo 
rectangular patches were shown.  From the theoretical plots, we can see that our 
derivation makes sense as it conforms to our intuitive understanding.  However, 
we are not able to verify our results as there has not been any published literature 



























In this chapter, we describe the experimental setup to verify our formulation 
derived in Chapter 4.  The patches were fabricated in the laboratory based on our 
design requirement.  The network analyzer was then set up to conduct 
measurements.  We measured the S12 of the patches in the following set-up: 
· varying the distance between the patches in the x-dir ction; 
· varying the distance between the patches in the y-dir ction; & 
· varying the angle of inclination of one of the patches.
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5.1 Design of Rectangular Patch 
Considering the substrate available in the laboratory, ie. FR4, we have the 
following parameters: 
h = 1.6 mm; 
er = 4.36; 
tand = 0.01; 
We have selected to design a patch antenna to resonate at 1.78 GHz. 
 
Using the programme Patch9.exe [14], we obtained the patch dimensions: 
Width = 6.0 cm 
Length = 3.96 cm 
Probe Feed point inset = 1.19 cm for a 50 W input impedance 
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The results of the programme is found below: 
PATCH9.V50 
Substrate height (cm) =  0.1600         Line thickness (cm) = 0.0027 
Relative dielectric constant =  4.3600      Loss tangent = 0.0100 
Patch width (cm) =   6.0000             Patch length (cm) =   3.9598 
Feed type = probe 
Feed point inset (cm) =   1.1900 
Feed probe diameter (cm) =  0.064 
Relief hole diameter (cm) =  0.146 
Resonant frequency (GHz) =   1.7784000 
Resonant impedance =    50.242  + j0.0328 ohms 
 
 
  FGHZ          REAL[Z]          IMAG[Z] 
  1.775          53.29             4.17 
  1.776          52.64             3.12 
  1.776          51.95             2.12 
  1.777          51.22             1.17 
  1.778          50.46             0.28 
  1.779          49.68            -0.56 
  1.779          48.87            -1.35 
  1.780          48.05            -2.09 
  1.781          47.21            -2.78 
  1.781          46.36            -3.41 




5.2 Antenna Fabrication 
With the rectangular microstrip patch antenna design complete, we proceed to 
fabricate the antennas in the laboratory.  A total of 16 pieces of antennas were 
fabricated as follows: 
· 7 pieces each with two rectangular patches; each piece vary from the next in 
the “d” parameter (variation in the x-direction); 
· 7 pieces each with two rectangular patches; each piece vary from the next in 
the “f” parameter (variation in the y-direction); & 
· 2 pieces, each of one rectangular patch; these are for the angular variation 





Figure 5.1: Samples of antennas fabricated for measurements of Variation in 
the “d” parameters 
 
 
Figure 5.2: One of the two antennas (Antenna A & B) fabricated for angular 




The process of antenna fabrication in the laboratory is rather laborious.  Because 
of the limitation in the facilities, each piece of antenna takes between 3 to 4 hours 
to complete, according to the following procedure:  
 
Step 1:  Creation of the Mask to be used for the fabrication. 
Step 2:  FR4 substrates were cut to size, and cleaned with acetone. 
Step 3:  Photo resist were applied to the FR4 substrates, and loaded nto the 
spin coater for an even coating of the substrates.  
Step 4:  With the substrates evenly coated, they were treated at 70o in the oven 
for 8 mins. 
Step 5:  The substrates were then exposed, through the mask, to UV light for 190 
sec. 
Step 6:  The substrates were then developed, removing the photo resist of areas 
to be etched away later. 
Step 7:  They were then further baked at 190o for 20 mins. 
Step 8:  The ground planes were being protected by masking tape before etching 
begins. 
Step 9:  The etching using sodium peroxisulphide takes between 1 to 2 hours. 
Step 10:  The antennas were cut to size, and cleaned with acetone before 
measurements were carried out. 
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5.3 Measurements and Discussion 
Once the antennas are ready, measurements can now be carried out using the 
Network Analyzer: 
 
Figure 5.3:  HP 8510 Network Analyzer 
 
5.3.1 Considerations Prior to Measurements 
Environment 
The environment is an important factor that presents some of the most common 
problems in antenna measurements.  These environmental effects are such as 
coupling with nearby materials, proximity effects, etc.  Because the size of the 
antenna under test is comparable to the size of the instrument connected to the 
antenna, we have taken extra precaution that all unnecessary items are removed 
from the set-up.  This is so that electromagnetic coupling that is likely to exist 
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between the antenna and the nearby objects, including cables and instruments, 
which may affect the accuracy of the measurements is avoided.  
 
Poor Solder 
Poor solder is also a factor to consider.  It cannot be ignored at the testing 
frequency of 1.78 GHz.  The input impedance of the antenna would be gravely 
affected due to an impedance or loss as a result of poor soldering.  Soldering 
should be done such that no stray impedance would be produced [12].  This can 
be achieved if care is taken not to leave thin gaps at the junction points.  The 
surface of the soldered points must also be as flat as possible. 
 
Antenna Feed 
We have used a coaxial cable in measurements as it is convenient and simple, 
and no balanced-unbalanced transformation is ecessary.  This also helps 
eliminate concern about the unbalanced currents affecting the measurements as 
the coaxial feed is behind the ground plane. 
 
Coaxial feed also allow the measurements o be relatively stable as noise and 
interference can be isolated.  To do this, the connection of the outer conductor of 
the feed cable to the image plane must be made as electrically tight as possible.  
This is ensured with proper soldering carried out to the outer conductor of the 




“Infinite” Ground Plane 
Due to practical reasons, we would have to make use of a ground plane of 
several wavelengths to approximate an infinite ground plane.  This may result in 
the possibility of unbalanced mode current flowing behind the plane.  
 
5.3.1 S11 Measurement of the Single Rectangular Patch Antenna 
The S11 of both the single patch antennas (Antennas A & B) were measured to 
see if they conform to our design to resonant at 1.778 GHz.  A sweep of 
frequencies from 1 GHz to 2.2 GHz was carried out.  Their results are as follows: 
 
5.3.1.1 Antenna A 
The measured S11 is as shown below: 




















2.2GHz 1 GHz 
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5.3.1.2 Antenna B 
The measured S11 of Antenna B: 




















From the measurements, we observe that the antennas resonate quite 
closely to our design frequency of 1.778 GHz (antenna A at 1.780 GHz & 
antenna B at 1.772 GHz).  The slight shift from our design frequency is 
mostly likely due to the imperfect fabrication process.  This is also the 
reason why they have shifted differently (Antenna A higher than the design 
frequency while Antenna B lower than the design frequency) from the 
design frequency of 1.778 GHz.  Some factors in the fabrication process 
that could have affected this are:
1.772 GHz 
1.778 GHz 
2.2GHz 1 GHz 
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· Different degree of etching; parts of one antenna could be etched 
away without notice if left too long in the etching solution, as the 
etching process is only controlled visually; 
· Uneven substrate thickness due to physically scratching away of the 
copper when etchant is unable to remove it. 
 
 
5.3.2 Measurement of Mutual Coupling Coefficient due to variation in the 
“d” parameters  
With the verification that the antennas do resonate close to our design, we can 
now move on to measure the mutual coupling between antennas with variation in 




Figure 5.4:  Setup of Measurement for variation in the “d” direction; 7 such 
antennas (with different “d”) were fabricated and their S12 measured 
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The measured mutual coupling coefficient together with the theoretical prediction 
is shown below. 












Figure 5.5: Theoretical and Experimental Result of Mutual Coupling 
Coefficient due to variation in the “d” parameters 
 
We can see from the comparison of the theoretical and measured results that the 
actual mutual coupling behavior between the rectangular microstrip patch 
antennas bears very close resemblance to theoretical prediction, especially when 
the distance of the antennas are further apart.  
 
The results began to diverge when the antennas are closer than 0.07l (section 
5.3.2).  This compares quite closely with the result of Penard and Daniel [2] who 












mainly due to the fact that the interior fields distribution of the patches are much 
affected when the antennas are too close together. 
 
The slight non-conformity in the results where some measurements seemed to 
deviate “widely” could be due to the fabrication process as each measurement of 




5.3.3 Measurement of Mutual Coupling Coefficient due to variation in the 
“f” parameters 
The setup for the measurement is shown below: 
 
Figure 5.6:  Setup of Measurement for variation in the “f” direction; 7 such 
antennas (with different “f”) were fabricated and their S12 measured 
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The measured mutual coupling coefficient together with the theoretical prediction 
is shown below. 
 










Figure 5.7: Theoretical and Experimental Result of Mutual Coupling 
Coefficient due to variation in the “f” parameters 
 
Again we see close resemblance between the actual mutual coupling behavior 
and theoretical prediction of the rectangular microstrip patch antennas, and 
especially when the distance of the antennas is further apart.  
 
The level of coupling when the deviation is in the “f” parameter is much lower as 
compared to that of variation in only the “d” parameter.  This conforms intuitively 














5.3.4 Measurement of Mutual Coupling Coefficient due to Angular 
variations 
For this set of measurements, the two single antennas are placed on a paper 
template with proper distance and gular demarcations, and held in place for the 
measurements by means of blu-tac.  Antenna A is fixed at 45o, (ie. q= 45o) while 
antenna B (ie. a) rotates through 0o, 15o, 30o, 45o, 60o, 75o & 90o.  “d” is set at 
0.03 m (> 0.07 l), while “f” and “g” are both set to zero. 
 












Figure 5.8:  Setup of Measurement for angular variation; Angle q is fixed at 





Paper Template with Distance 
& Angular Demarcation 
Antenna A at 









The result of the measurement together with the theoretical prediction: 










Figure 5.9: Theoretical and Experimental Result of Mutual Coupling 
Coefficient due to Angular variations between Antennas A & B; Angle q is 
fixed at 45o, while a is varied from 0o to 90o 
 
Here we see a general trend of the measured results when compared to the 
theoretical prediction.  It does not conform as closely as that of the earlier two 
cases of variation in the “d” and “f” parameters. 
 
This is most likely due to the fact that a basic assumption used in our formulation 
was not adhered to, ie. there is no continuous ground plane and continuous 
substrate connecting the two antennas.  Nevertheless we do see that the general 














Also of particular interest are: 
· level of variation of coupling when Antenna B is rotated through the angles 
is low (<0.5 dB) 
· a minimum is reached when a is about 32o.  Theoretically, this minimum 
should coincide with 45o when the antennas are perpendicular to each 
other, however, because another dimensional variation is introduced when 
antenna B is rotated through the different angles (eg. when antenna A is 
oriented at, say 30o, and antenna B rotated to the same orientation (30o), 
they would not be on the same plane), the minimum is shifted to 32o.   
 
 
5.4 Chapter Conclusion 
In this chapter we have successfully made measurements of the mutual coupling 
between rectangular microstrip patch antennas, and compared them to the 
theoretical prediction according to our formulation as derived in Chapter 4. 
 
The experimental results were close to theoretical predictions, especially when 
the bases and assumptions made in our formulation were adhered to, namely 





























6.1 General Observations 
The use of the cavity model in the formulation of the mutual coupling of two 
rectangular patch antennas was studied in depth.  The advantage of the Cavity 
Model lies in the fact that it is more complete than the transmission line m del, 
taking into account slots at the four sides of the rectangular patch antenna, while 
simple enough to use for practical and engineering purposes. 
 
The formulation was developed for two antennas on the same plane, and 
extended to describe the mutual coupling between two arbitrarily oriented 
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rectangular patches.  Of particular interest is the effect on the mutual coupling in 
the variation of their angles of elevation. 
 
From the results obtained and our observations, we can conclude that our derived 
formulation is able to accurately predict the effects of the various variables, 
especially variations conforming to our assumptions of a continuous ground plane 
and substrate.   
 
For cases when the continuous ground plane and substrate are not present, such 
as when we measured for angular variation, we are only able to obtain a general 
trend in the results. 
 
Our study has also shown that the cavity model is good enough for predicting 
mutual coupling when the antennas are more than 0.07l apart.  We would have to 
resort to the Moment Method should a more accurate result pertaining to 
antennas placed very close to each other is required.  
 
 
6.2 Recommendation for Further Research 
The model is developed based on the assumption of an infinite ground plane, it is 
therefore not definitively certain that the results can be directly extended to the 
cases where the ground plane is not too large or when the antenna do not share 
the same ground plane.  This is often the problem in the real world where patch 
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antennas are mounted on structures limited in size.  Further work can be on the 
development of a model that takes into account the ground plane ‘problem’ in the 
real world. 
 
Another area that can be further developed is in the study of the mutual coupling 
when angular variation is in the y-z plane.  When coupled with variation in the x-z 
plane as developed in this study, one can obtain a model that takes into account a 
truly “arbitrary” orientation of the antennas. 
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